Introduction
The construction of 1,2-diols plays an important role in natural-product synthesis, with many pharmacologically active substances containing the pinacol structural motif. 1,2-Diols can be generated in general by bishydroxylation of olefinic double bonds [1] or by reductive coupling of carbonyl compounds. [2] The latter method plays an important role in the synthesis of HIV-protease inhibitors [3] and of natural products [4] such as taxol [5] and cotylenol [6] and their derivatives. For their synthesis this reaction has to be performed in a diastereoselective fashion.
For economic and ecological reasons, the pinacol coupling reaction should be performed in a catalytic fashion with use of low-valent metals. Many catalytic systems are known in the literature. [7] Hirao was the first to use zinc as reductive agent and chlorotrimethylsilane as scavenger in a low-valent vanadium-catalyzed pinacol coupling reaction, [7e] while Boland reported pinacol coupling reactions of aromatic carbonyl compounds through the use of chromium chloride, zinc or manganese, and chlorotrimethylsilane.
[7f] Unfortunately both processes were limited to homocoupling reactions. However, cross-coupling reactions are of greater interest than homocoupling reactions as a tool for convergent synthesis strategy. Only a few examples of pinacol cross-coupling reactions have so far been reported in the literature.
Boeckmann [8] reported coupling reactions between acetals of acrolein or methacrolein and aldehydes in the presence of chlorotrimethylsilane and sodium iodide. The reactions were catalyzed by chromium chloride with stoichiometric amounts of manganese as reducing agent, by a protocol originally developed by Fürstner for a catalytic NozakiHiyama reaction. [9, 10] In this catalytic version of a method reported by Takai, [11] only acrolein or methacrolein acetals could be coupled to provide the corresponding pinacol monoethers, so the scope of this reaction is limited. Recently Takai reported pinacol-type cross-coupling reactions between a number of vinyl ketones and aldehydes through the use of a large excess of chromium chloride and chlorotrimethylsilane as a scavenger. [12, 13] We recently reported a chromium-catalyzed pinacol crosscoupling reaction of a,b-unsaturated carbonyl compounds and aldehydes to form 1,2-diols diastereoselectively, [14] and were able to reduce the amount of chromium used to 10 mol %. Various vinyl ketones were coupled with aldehydes in good yields and with high diastereoselectivities. We extended the method to the chromium-catalyzed cross-coupling of sterically demanding acroleins and a variety of aldehydes to afford highly substituted pinacols with almost no steric limitations for R 1 and R 2 (cf. Scheme 1).
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Keywords: chromium · crosscoupling · diastereoselectivity · homogeneous catalysis · pinacols Trombini et al. reported an alternative procedure affording the same structural motif as our method by treatment of 3-halopropenyl carboxylates under conditions similar to those of Füstners procedure. [15] The products obtained by this method generally have an unsubstituted pattern at the resulting w-standing olefin (R 1 = H; cf. Scheme 1).
Here we report our work on the diastereoselectivity outcome of this cross-coupling reaction between substituted acroleins and aldehydes, which has led to a better understanding of the origin of the diastereoselectivities and of the reaction mechanism. We also report some studies geared towards an enantioselective reaction by use of chiral chromium complexes as catalysts, together with the unexpected catalytic formation of cyclopropanols. An intramolecular version of the described chromium-catalyzed pinacol cross-coupling reaction serving as a method for the formation of small and mid-sized rings has been reported by us recently. [16] Results and Discussion
We found that the cross-coupling reaction of substituted acroleins with aliphatic aldehydes in the presence of 10 mol % of chromium(ii) chloride led to pinacols in good yields and with diastereoselectivities of up to > 95 % de (Scheme 1). For successful coupling the acroleins were added slowly to the reaction mixture containing the catalyst, the aliphatic aldehyde, manganese powder, and chlorotrimethylsilane in DMF.
A postulated mechanism based on Fürstners and Takais work is shown in Scheme 2. It should be noted that this reaction does not proceed through ketyl radicals. Instead, a nucleophilic attack of a chromium allyl species onto an aldehyde takes place, so this does not represent a "classical" pinacol coupling reaction. The chromium allyl species is formed as a mixture of the E and Z forms, leading to a mixture of the corresponding syn and anti pinacols.
Instead of the hygroscopic Cr II chloride, the easier to handle and cheaper Cr III chloride could be used as catalyst without any significant changes in yields or diastereoselectivities.
As mentioned above, similar procedures so far described in the literature are limited to acrolein acetals or methacrolein acetals. Since we intended this method to be a tool for natural-product total synthesis, more bulky substituents should be tolerated. We therefore studied coupling reactions with 2-tert-butylacrolein as a sterically demanding coupling component and then investigated coupling reactions between different acroleins and pivalaldehyde. Other combinations of acroleins and aldehydes led to a more detailed transition-state model. Some representative results of the coupling reactions are summarized in Table 1 .
Of interest is the successful coupling of sterically demanding 2-tert-butylacrolein and the bulky pivalaldehyde ( with an excellent diastereoselectivity of > 95 % de. As the steric demand of the aldehyde decreases, the yields increase ( Two different chromium allyl species (E and Z) resulting from the initial two single-electron transfer (SET) steps are possible, leading to different transition states (Scheme 3). Similar transition states have been described by Takai for chromium-mediated coupling reactions of vinyl ketones with aldehydes [12] and by Nozaki and Hiyama for smaller R 2 residues. [17] Compound (Z)-9 should form transition state 10, while (E)-9 should lead to transition state 11. Both diastereomeric pinacols (syn and anti) can be obtained from either transition state, depending on the orientation of the aldehyde. There most likely exists a selectivity for the alkyl chain of the aldehyde R 2 to be arranged in the equatorial position (R 2e = alkyl; R 2a = H), which results in a selectivity of transition state 10 (and (Z)-9) to form mainly syn pinacols while transition state 11 (and (E)-9) predominantly forms anti pinacols. This selectivity should be higher for larger R 2 residues.
If R 2 is sterically demanding, like tert-butyl, skew-boatlike transition states 10 b and 11 b could result instead of the chair-like transition states, similar to what is described in the literature for the Nozaki-Hiyama reaction (Scheme 4). [17] The shape of the transition state, whether it is chair-like (10 or 11) or skew-boat/twist-boat-like (10 b or 11 b), does not change the results qualitatively. In every case the energetically preferred position for the (large) alkyl residue, R 2 , of the aldehyde should be in the (pseudo)equatorial position (R 2e = alkyl; R 2a = H). Takai described fast equilibration of (Z)-and (E)-9 under noncatalytic reaction conditions. [12] Our results are best interpreted by assuming that the equilibration is slow relative to the coupling reaction. As a good working model we assumed that the diastereomeric ratio obtained in coupling experiments with pivalaldehyde (Table 1 , compounds 1, 4-6) represents the ratio of (Z)-to (E)-9. The high steric demand of the tert-butyl group R 2 (cf. Scheme 4, R 2e = tBu; R 2a = H) should lead to highly selective formation of the syn pinacol from 10 b and the anti pinacol from 11 b.
In the case of tert-butylacrolein, (Z)-9 is formed exclusively. With pivalaldehyde, compound 1 is formed with > 95 % de via 10 b because of the bulky tert-butyl substituent R 2 . Compound 10 b represents an analogue of the transition state proposed previously by Nozaki and Hiyama for pivalaldehyde. [17] When the steric demand of R 2 is decreased, 10 will possibly give rise to a slight decrease in diastereoselectivity (Table 1, 
compounds 1-3).
In view of the above assumptions, an explanation of the increase in the anti diastereoselectivity with decreasing steric demand of the aldehyde R 2 group from tert-butyl to ethyl (Table 1 , compounds 5 and 7) can be explained in terms of the transition states 10 or 10 b giving diastereoselectivities different from those of 11 or 11 b (Scheme 4). The main difference between the transition states 10 and 11 is the axially located OSiMe 3 group in 10, which is forced into its position by the stereochemistry of the chromium allyl compound (Z)-9. To explain the difference in the syn/anti ratios of compounds 5 and 7 by the above model it is necessary to assume a higher selectivity for the orientation of the aldehyde in transition state 11 than in transition state 10.
Alternatively it could be assumed that only one chromium allyl species is formed exclusively. In this case the diastereoselectivities for the reactions with pivalaldehyde could still be easily explained in terms of the selectivity of orientation of the aldehyde in only one transition state, 10 b or 11 b, but an increase in diastereoselectivity with lower steric demand of the aldehyde-comparing 5 and 7, for example-is not easy to understand in this way.
However, it should be noted that we so far have no evidence other than relative diastereoselectivities in different coupling experiments for our postulated transition-state model.
Unexpected formation of cyclopropanols:
It is known that, in similar reactions, DMF disturbs the six-membered transition state by strong complexation of the metal cation. [17, 18] We therefore tried to use solvents other than DMF in order to increase diastereoselectivities, which are generally highly substrate dependent.
As chromium chlorides show almost no solubility in nonpolar solvents, we focused on polar aprotic solvents (Table 2) .
Coupling between isopropylacrolein and 3-phenylpropionaldehyde was chosen as the test system because of its relatively low diastereoselectivity in favor of the syn diastereoisomer in DMF (Table 2, entry 1).
As shown in Table 2 , a change from DMF to less strongly donating solvents such as THF or acetonitrile (entries 2 and 7, respectively) results in a noticeable increase in diastereoselectivity, although the yields decrease dramatically because of the poor solubilities of chromium chlorides in these solvents. In order to compensate for this problem we tried mixtures of THF and DMF. Increasing amounts of DMF showed a positive effect on the yields, but the diastereoselectivities decreased (entry 3). N-Methylpyrrolidone (entry 5), being structurally related to DMF, also led to low diastereoselectivities. Although chromium dichloride readily dissolves in DMSO, the solvent reacted with chlorotrimethylsilane, leading to decomposition, and could not be used as solvent.
Since variation of the solvent did not improve the coupling reaction, we investigated different chromium complexes with higher solubility in THF or acetonitrile.
As reported by Fürstner, [10] chromocene and its derivatives serve as potent catalysts in the Nozaki-Hiyama reaction. We prepared CpCrCl 2 ·THF (13) from chromocene and used it as catalyst. As another half-sandwich derivative, dichloro-(h 5 -1-(ethylenediphenylphosphane)cyclopentadienyl)-chrome·toluene (14) was used.
With use of THF as a solvent, not only was the desired pinacol 12 obtained but also, surprisingly, the formation of cyclopropanol 15 as one single diastereoisomer was observed (Table 3) . Scheme 4. Skew-boat-like transitions states with pivalaldehyde, analogous to Nozakis and Hiyamas, described in the literature. [17] While the pinacol coupling reaction proceeded in DMF in high yields but with low diastereoselectivity, in other solvents the desired product could be isolated only in low yields of < 15 %. In THF the reaction was dramatically changed, with the cyclopropanol 15 being formed diastereoselectively as the main product. The relative stereochemistry of 15 was elucidated by transformation of the diol into the corresponding acetonide, monitored by NOE spectroscopy. The cyclopropanol formation is even more surprising in view of the fact that Takai reported a stoichiometric variant that produced cyclopropanols exclusively when he did not use chlorotrimethylsilane and carried out the reaction in DMF as solvent. [19] Without addition of chlorotrimethylsilane, Fürstners catalytic cycle cannot be maintained, due to the formation of chromium alkoxides. We conclude that transmetallation from chromium to silicon in THF is relatively slow. This assumption leads to the following catalytic cycle, taking former studies by Takai into account (Scheme 5). [19] Reaction conditions for the formation of cyclopropanols
have not yet been optimized; at present we are investigating the extendability of this reaction to develop a general method for the synthesis of substituted cyclopropanols. [20] As neither variation of the solvent nor the use of chromocenes had led to higher diastereoselectivities with acceptable yields of pinacols, we tried other ligands while keeping DMF as solvent. Only a few other examples of enantioselective catalytic NozakiHiyama reactions have been reported, [22] [23] [24] and so we tried different complexes of ligands 16-19, prepared either in situ or separately from the ligand, chromium(ii) chloride, and triethylamine.
Some results of the coupling reaction of 2-isopropylacrolein and 2-methylpropionaldehyde to give pinacol 8 are given in Table 4 .
In contrast with the catalytic Nozaki-Hiyama reaction, [21] in acetonitrile (Table 4 , entry 1) we did not observe any pinacol formation with use of the chromium complex of (R,R)-17. It should be noted here that Trombini reported an enantioselective addition of 3-chloropropenyl pivaloate to different aldehydes when using the same catalyst in acetonitrile, obtaining 1,2-unsubstituted alk-1-ene-3,4-diols in good yields and with both good diastereo-and enantioselectivities. [25] We did not observe any pinacol formation either with Table 3 . Chromocene derivatives as catalysts: formation of cyclopropanols.
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in situ formation of the catalyst or with a chromium(iii) complex prepared by a procedure reported by Jacobsen. [26] As solid (SALEN)Cr III Cl contains water, addition of molecular sieves to the catalyst solution and stirring for at least one hour was necessary before chlorotrimethylsilane and the coupling components were added to the reaction mixture. In DMF (entry 2) the pinacol 15 was produced in low yield but with a significantly higher diastereoselectivity than observed with chromium chloride in DMF. Enantioselectivities were low for both diastereoisomers. The high steric demand of 17 is likely to be the reason for the low yield, so we tried the less bulky ligand 16 and isolated the pinacol in an 88 % yield but with a diastereoselectivity of only 23 % de (entry 3). The ligands 18 and 19 served as a mimic for the upper half of 17. As expected, yields increased to about 80 % while both diastereo-and enantioselectivities decreased. There seems to be a sensitive balance between steric demand, yield, and diastereo-and enantioselectivities, which will have to be investigated in further studies.
(À)-Sparteine as a bidentate chiral ligand did not have any influence and is probably displaced by DMF under the reaction conditions (entry 6). In additional experiments we found that diamine and triamine ligands had only a weak effect on the outcome of the coupling reaction with regard to diastereoselectivity, but that the reaction could be inhibited completely if the amines were added in a greater than twofold excess relative to the amount of chromium chloride being used.
Conclusion
Chromium-catalyzed pinacol cross-coupling reactions could prove to be a powerful tool for convergent natural-product syntheses. Studies on the origin of the diastereoselectivity have led to a transition-state model that describes the stereochemical outcome of the coupling reaction in an appropriate way. While a-branched acroleins lead predominantly to syn diols, anti diols are preferred with linear alkyl side chains. In attempts to improve the substrate-dependent diastereoselectivities we found a remarkable formation of cyclopropanols, which was originally thought to occur only in the absence of chlorotrimethylsilane, which would make a catalytic reaction impossible. We found that silylation of the intermediate chromium alkoxide in THF (as compared to DMF) was slow enough to allow catalytic cyclopropanol formation when THF-soluble chromocenes were used as catalysts. Finally, we showed that chiral induction in the chromium-catalyzed pinacol coupling reaction, through the use of chiral Schiff base ligands, is possible.
Improvements to the enantioselective chromium-catalyzed pinacol cross-coupling reactions, as well as to the chromium-catalyzed cyclopropanol formation, and their application to natural-product syntheses are currently under investigation.
Experimental Section
General remarks: With the exception of the trimethylsilyl (TMS) ether cleavage with tetrabutyl ammonium fluoride (TBAF), all reactions were carried out under argon by use of Schlenk techniques. Chromium catalysts and the manganese powder were stored in a glove box under a nitrogen atmosphere.
NMR spectra were recorded with a JEOL 400 GX JNM spectrometer. Chemical shifts (d) are given in parts per million relative to tetramethylsilane for 1 H (0 ppm) and the CDCl 3 triplet for 13 C NMR (77 ppm) as internal standards.
Typical procedure: DMF (8 mL) and TMSCl (0.51 mL, 4 mmol) were added to Mn powder (220 mg, 4 mmol) and CrCl 2 (25 mg, 0.2 mmol) in a Schlenk tube. The resulting suspension was stirred at room temperature for 15 min, and the aldehyde (2 mmol) was added in one portion. The acrolein (2 mL of a 0.5 m DMF solution, 1 mmol) was added slowly by syringe pump over a period of 40 or 15 h. Ether (20 mL) and water (20 mL) were added. After separation of the organic layer, the aqueous layer was extracted with ether (3 20 mL), and the combined organic ee [%] [b] [%] (syn) syn anti 4 and concentrated in vacuo. THF (10 mL) and TBAF (1.4 g, 4 mmol) were added to the residue, and the mixture was stirred for 45 min at room temperature. After addition of water (10 mL) and ether (20 mL), the aqueous layer was extracted with ether (4 20 mL), and the combined organic layers were dried over MgSO 4 and concentrated in vacuo. The residue was purified by flash chromatography on 25 g of silica gel (petroleum ether/ethyl acetate 9:1).
Other catalysts or solvents were used as indicated above.
In situ formation of different chromium complexes: The ligand was added to chromium chloride and manganese powder in DMF (8 mL). In the case of Schiff base ligands, a stoichiometric amount of triethylamine (relative to the number of hydroxy groups) was added. The resulting mixture was kept in an ultrasonic bath for 15 min, TMSCl was added, and the reaction was carried out by using the typical procedure.
Determination of the relative stereochemistry: The pinacols were converted into the corresponding acetonides by treatment with 2,2-dimethoxypropane in acetone, with catalysis by pyridinium para-toluenesulfonate at room temperature and TLC monitoring, followed by column chromatography on silica gel. The relative stereochemistry of the resulting acetonide was determined by measurement of the difference in the chemical shifts of the introduced methyl groups, as well as by NOE spectroscopy. [27] Preparation of ligands and chromium complexes: Chromocene, [28, 29] and its derivatives CpCrCl 2 ·THF (13) [30] and dichloro-(h 5 -1-(ethylenediphenylphosphane)cyclopentadienyl)chromium·toluene (14), [31] as well as the ligands 16, [32] 17, [26] 18, [33, 34] and 19, [33, 34] and the chromium(iii) complex [26] of 16 were prepared by procedures described in the literature.
Dry CrCl 3 ·3 THF, which is needed for the preparation of 14, was prepared by dissolving CrCl 3 ·6 H 2 O in THF and dropwise addition of thionyl chloride. CrCl 3 ·3 THF precipitated as a purple powder, which was collected on a glass filter under a nitrogen atmosphere, washed several times with dry THF, and then dried in vacuo.
2,2,6,6-Tetramethyl-3-methyleneheptane-4,5-diol (1) and 2,2-dimethyl-3-methyleneheptane-4,5-diol (2): Spectroscopic data were as reported before. [14] 2,2-Dimethyl-3-methylene-7-phenylheptane-4,5-diol ( (1) Because of the low diastereomeric excess, the spectra of syn-5 and anti-5 were not divided.
2,5,5-Trimethylhex-1-ene-3,4-diol (6) 
